Abstract -a new configuration is proposed to mitigate power quality problems in traction system. Proposed configuration is a combined system of single tuned passive filter and a thyristor controlled reactor. This configuration is cheaper and easier to implementation. It decreases power losses in supply system considerably through optimal compensation of reactive power. Also its control strategy is simple. A phase locked loop is proposed in control system which can work in case of harmonic voltage and noisy conditions; it has not been used yet in such systems practically. A fuzzy controller determines the firing angle of the thyristor controlled reactor and provide voltage profile at desired value. Validity of this configuration is confirmed through simulation results with Matlab program.
I.
Introduction Low system voltage occurs at the end of a heavily loaded and long feeder section, and is mainly due to reactive load current flowing through the inductive feeder impedance. On the other hand, the harmonic component of load current flows through the feeder impedance results in a distorted pantograph voltage waveform that has a reduced (rectified) average value. This is important because for phase-controlled locomotives the power output is proportional to the average voltage rather than the rms voltage. Both low system voltage and loss of average voltage reduce the power and hence limit the performance of locomotives. This is especially a problem as traffic levels grow to near design capacity [1] [2] [3] . As they are transmission lines, traction overhead feeders have theoretically an infinite number of resonant frequencies. When any of these resonance modes are excited, as happens for example with non-linear thyristor loads, a large harmonic voltage can result at the pantograph. If this voltage is added to the fundamental voltage, it may produce a peak voltage at the pantograph with values significantly above nominal. This phenomenon, known as harmonic or resonant overvoltage, can lead to premature failure of equipment connected to the system. Furthermore, while new generation 'clean' locomotives with four quadrant PWM drives are not likely to create an overvoltage problem themselves, any thyristor-based locomotives on the system have the potential by all locomotive es to cause such harmonic over voltages and the effect will be felt by all locomotives running on the same system [1] [2] [3] . Traction supply systems are usually private, used exclusively for locomotive. The quality of supply requirements is different from that of a public electric system. It has been previously identified that the three critical factors affecting the performance of a traction system are: 1) Low system voltage; 2) Harmonic overvoltage; 3) Loss of average voltage. Low system voltage occurs at the end of a heavily loaded and long feeder section, and results in excessive power loss in the feeder together with poor locomotive performance. A separate problem, harmonic overvoltage, arises when the harmonic current injected by the locomotive load excites one of the resonance modes (typically, around 1-2 kHz) of the overhead feeder transmission line, causing the feeder voltage to have peak values significantly above the normal value. This may lead to premature failures of equipment connected to the system. Finally, rectifier commutation may result in significant notching in the voltage waveform and this produces a lower (rectified) average value. An accurate measure of this phenomenon is the voltage form factor [1] [2] [3] . Form factor is defined as the ratio of the RMS value of the voltage waveform to the (rectified) average value. An undistorted sine wave has an ideal form factor of 1.11, whereas the form factor of a distorted traction feeder voltage can be as high as 1.25. Fig. 1 shows a typical pantograph waveform obtained at the end of a 30-km feeder. The proposed method by [1] [2] is so expensive also current harmonic level and its nominal value isn't acceptable at high power application, and the control method is complicate and needs many calculations. In this paper a more economical and easy to implementation method is proposed and its effectiveness is confirmed through simulation results under different load conditions. Because of doing a comparison between results obtained by proposed configuration and results of proposed method in [1] [2] , case studies here are selected same as [1] [2] also simulation results are represented as that.
II.
Modeling of Traction System The traction system considered in this investigation is shown in Fig. 2 . The 30-km contact feeder is modeled as three 10-km pi sections, each having a longitudinal impedance of (0.169 + j0.432) /km at 50 Hz and a shunt capacitance of 0.011 F/km. The proposed thyristor controlled reactor ( TCR) is also shown connected in parallel to the end of the feeder section. Five 2.5-MW thyristor rectifier locomotives (rated at 25 kV) are considered. They are modeled as two half-controlled thyristor bridge rectifiers in series as shown in Fig. 3 , thus producing ac input harmonics of a realistic level [1] [2] . When two or more such locomotives are running together hauling a single train, they are assumed to have identical firing angles. This assumption allows two locomotives to be modeled as a single locomotive of double the real size, which is easily obtained by halving the inductances, and doubling the capacitance and load current.
III.
Phase locked loop In most current detection algorithm, the phase information of positive sequence of fundamental supply voltage should be used as synchronizing signal. It can be obtained by phase locked loop (PLL) which is studied widely. A simple method for phase locking is based on zero-cross detection. It is easy to be performed while isn't reliable at noise and harmonic conditions [4] . In distribution systems, voltage distortions such as voltage notching, multiple zero crossing, voltage unbalance and frequency fluctuation, wide-band noise and etc are common conditions. In these conditions the zero crossing detection can be problematic and lead to synchronization faults. To obtain the correct phase information, soft PLL with additional filter is proposed in [4] [5] . Phase locked loop (PLL) algorithms for grid synchronization are a very important part of the control in most of the grid connected power converters applications. The performance of the PLL should not be much affected under distorted grid conditions: the presence of harmonics, unbalance, noise, etc in the inputs should not distort PLL measurements. A PLL is a non-linear circuit which synchronizes its output signal with a reference or input signal in frequency as well as in phase. The PLL scheme is composed by the three basic functional blocks shown in Fig. 4 : the phase detector (PD), the loop filter (LF) and the voltage controlled oscillator (VCO). The VCO generates a signal of frequency , from its nominal frequency . When a PI filter is used as LF, the PLL achieves zero steady-state error even after a phase step or a frequency step in the reference input [5] . The input signal of equation (1) is considered to analyze the LPLL dynamics:
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As shown, p.u. units are employed; the fundamental component amplitude should be normalized to 1 p.u. and odd harmonic components are also considered. The wave at the PD output is:
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The LPLL can be linearized, assuming that the PLL is locked in steady-state; under such a situation and , so: (2) shows that in steady-state the wave has a small dc signal with the phase error information , a high second harmonic and other even harmonic components. The LF is a low pass filter, which should be tuned to control and cancel harmonic components. As seen in eqs. (2) and (3) a very high second harmonic is generated in the multiplier of the PD. On the other hand, it is important to note that the nominal grid frequency is very small compared with typical frequencies of other PLL applications such as radio communications. This complicates the design of single-phase PLL because, if only a PI filter is used, the BW should be reduced very much to have a good second harmonic cancellation. This has led to develop more complex structures. 
IV. Compensation Strategy Feeder base voltage is 25kV. Fig. 5 shows the control strategy.
is voltage at end of feeder. 3th harmonic has maximum amplitude. So, a single passive filter tuned at third harmonic was designed. Because the passive filter compensates a constant reactive power at fundamental frequency, this causes that voltage increase at low load. Another reason is that, traction system is basically a variable load. So the reactive power produced by passive filter should be controlled at different load conditions. A simple and cheaper way is using of TCR. At [1] [2] , a shunt active filter is used to compensate traction. The method at [1] [2] is so expensive and impractical at high power. Also, produced reactive power by the compensator is more than required amount so the loss in supply system will be increased and this is a essential drawback for such system. Because the active filter completely compensate that system, required power by it would be so high and this limit application of proposed system at high power. In proposed system, passive filter compensate both harmonic current and reactive power and TCR control amount of reactive power produced by passive filter at different load conditions. V.
Model Development for TCR
A TCR is a variable reactor at the fundamental frequency [6] [7] [8] [9] [10] [11] . It is often used as a component of Static Var Compensator (SVC) for reactive power support and voltage control. The structure of TCR and its waveform are shown in Fig. 6 , where is the firing angle of thyristor 1, which conducts between time period and . And the firing angle of Thyristor 2 lags 180 degree from . The voltage and current relationship of the thyristor controlled reactor can be determined from the TCR circuit equation:
Where is the inductance of the TCR, and are the TCR voltage and current respectively, as illustrated in Fig. 8 . The power flow constraint for a TCR in the SVC application is to vary the equivalent TCR reactance so that the SVC can hold its bus voltage to a specified value. It can be expressed as, (6) Where the fundamental frequency reactance of the TCR, is the TCR reactance corresponding to a required SVC bus voltage. If there is no voltage distortion, it will be (7) The control parameter is the firing angle in the TCR, and can be determined from (2) and (3).
VI.
Passive filter design Passive filters have been most commonly used to limit the flow of harmonic currents in distribution systems. They are usually custom designed for the special application. However, their performance is limited to a few harmonics. Because in traction system mainly the dominant harmonic is third harmonic at feeder D input, so passive filter is designed in this harmonic. Another important aspect in passive filter design is amount of reactive power compensation. Here passive filter is designed at full load condition. As mentioned before, reactive power produced by passive filter is fixed, so a TCR is added in parallel with passive filter to control amount of reactive power at different load conditions. Capacitor value is designed as
Where is total reative power required at full load condition, is nominal voltage at this system. Now, reactance is designed as (9) Where, is nominal frequency, is order of harmonic to tune passive filter at that harmonic.
I. Simulation results Fig. 2 System was simulated at different load conditions. Table  1 shows the case studies. Voltage at end feeder (V d ) and current at different sections has been shown. Fig 7 shows system response without any compensation. As it seen, voltage at end feeders decreases considerably (86 % of nominal voltage), as was mentioned, this decreased voltage causes serious problems for whole system. Fig. 8 shows system response with proposed configuration. Voltage has nominal value and also its THD decrease to 3.52 %. In second stage, case 5 is simulated. Figs. 9 show same variables shown in fig  4. As it seen, voltage has approximately its nominal value. Finally, over load condition (case 7) is simulated. Fig. 10 shows results. As it seen, proposed compensation strategy can successfully maintain system like its normal state. To highlight simulation results by this paper, RMS value of voltage at different paints are shown before and after compensation. Figs. 11 and12 shows voltage RMS value before and after compensation, respectively. As it seen, proposed compensation strategy improves system response. These results clearly show effectiveness of proposed configuration. Maximum THD in figs is for over load condition with 5.39 % THD. Another important result is amount of current in different sections and its THD. Proposed configuration can effectively provide required reactive power and regulate voltage. Also, in almost all cases (except case 7) current THD value is near recommended value in standards such IEEE 519 and because the fundamental current has been decrease, as a result voltage losses has been decreased. Conclusion A new configuration for mitigating power quality problems in traction system was proposed. This method is more economical than other proposed method and is so easy to implementation. A phase locked loop was used that is compatible with noise and harmonic environment which is a common situation in traction systems. A fuzzy controller was used to control TCR and provides desired voltage at end bus at different load conditions. It provides optimal reactive power control, as a result, the power losses decreases.
